Abstract. High reactivity of powdered aluminium together with its relatively low price are the main reasons for the application of this metal as a reducing agent for the reduction of oxides and fluorides of rare and rare earth metals by the aluminothermal method. This technology is widely used in the production of master alloys for ferrous metallurgy. The "out-of-furnace" process (i.e. without external heat access) is the prevailing technology for metallic niobium production worldwide. However, aluminothermal reduction for industrial production of metallic tantalum has been limited because of the high required temperature, over 2800 °C.
INTRODUCTION

*
Tantalum belongs to the group of high-performance metals that have gained acceptance due to their several unique properties since the beginning of the technical revolution at the end of the 20th century. The technology for tantalum production has developed in several directions. The main technologies used nowadays worldwide are able to produce this metal of required quality. The world's largest companies producing tantalum and its alloys are HC Starck-Bayer in Germany and Cabot Corporation in the USA. These ________________ * Corresponding author, rein.munter@ttu.ee companies are responsible for about 85% of the world tantalum production in the form of ingots, powder, wire, and oxides.
However, changes in basic raw materials, extension of equipment capacities, and market requirements are evoking further studies in this field. Sodio-thermal reduction of potassium tantalum fluoride, K 2 TaF 7 , where metallic sodium is used as the reductant, is one of the first, but still in use, full-scale technologies [1, 2] . Reduction is carried out in steel crucibles at a temperature of about 900 °C. The duration of the process is at least 2 min. Finely dispersed powder of metallic tantalum washed from the salts with about 2% oxygen content is led to a vacuum electric arc remelter and further to an electron beam furnace for deep refining.
Another, also widely used technology, applies chlorous treatment of the mineral raw material containing niobium and tantalum [1, 2] . Pure tantalum chloride (TaCl 5 ) is converted to K 2 TaF 7 , which is added to the melt of NaCl and KCl and after that electrochemically reduced from the melt KCl-NaCl-K 2 TaF 7 in the form of metallic tantalum powder (98-99% of Ta). Compact metal is produced by sintering the stocks pressed from powder at 2500-2700 °C or by heating them up to 2200-2500 °C under vacuum. The stocks are remelted by the electrovacuum process in an electric arc or electron beam furnace.
The processes described above allow manufacture of metallic tantalum of high quality, but are energy consuming and use complicated facilities. In Estonia (at the present Silmet JSC) the process of aluminothermal "outof-furnace" reduction of oxides of rare and rare earth metals was introduced in full scale in the 1990s. The process took advantage of the exothermal effect of reactions. The quality of the tantalum produced corresponded to the requirements of the market and the process elaborated is outstanding having a high capacity. For example, according to [3] , the maximum production capacity of Silmet JSC is 2000 kg per melt, which is unique in the world. According to [4, 5] , Silmet JSC produces 60-80 tonnes of metallic tantalum annually. Metals produced are in the form of ingots with a good separation of metallic and slag phases. Refining of melts is carried out in electron beam furnaces [6] .
In principle, it is possible to reduce Ta 2 O 5 with three reductants: aluminium, magnesium, and calcium. The reduction reactions will proceed under the condition that the change in Gibbs free energy ∆ G < 0 (or the equilibrium constant of reactions K p > 1).
In [7] the results of the reduction of Ta 2 O 5 with magnesium to produce tantalum powder with a large specific surface are presented:
The process is carried out in the regime of a selfprogressing high-temperature synthesis. Another version of this reaction uses magnesium vapours as the reductant in the temperature range of 700-800 °C. The specific surface of the tantalum powders obtained is 2-8 m 2 /g, which corresponds to the grain diameter of 50-200 nm.
The aluminothermal reduction process enables to smelt metal in the form of granules or ingots:
The duration of the process according to reaction (2) is about 90 s if the load of the feedstock is 100 kg. The intermetallic compound with the lowest melting point AlTa 2 is formed at temperatures close to 2000 °C. The melting temperature of metallic tantalum is 3014 °C [8] .
The melting temperature of the slag phase containing Al 2 O 3 is 2050 °C [9] . The slag of this type is classified as "short" as its crystallization occurs in a short time interval. For metal smelting and a good separation of phases it is required that the temperature of the process be kept over 3000 °C.
There is another option to carry out the reduction process of Ta 2 O 5 -to reduce the melting temperatures of the reaction products. In this case alloy-forming admixtures are added to the feedstock: 120% excess of aluminium according to reaction (2) and iron trioxide [10] . Iron and aluminium form alloys with tantalum [8] . By changing the composition of the alloy (i.e. iron and aluminium content), it is possible to reduce the melting temperature of the ingot by 350-500 °C from the melting temperature of tantalum (3014 °C).
Reduction of Fe 2 O 3 with aluminium (3) and magnesium (4) creates an additional exothermal effect of the process:
A remarkable reduction of the melting temperature of tantalum occurs when SiO 2 takes part in the reaction together with Fe 2 O 3 . At the content of Ta-Si in the alloy up to 3 mass%, Ta 4.5 Si with the melting temperature of ~ 2300 °C is formed [2] . Aluminium and silica form the eutectoid point (577 °C) at the silica content of 12.2% [8] . To improve the heat balance, the multiplecompound feedstock in the furnace is additionally heated up to 925 °C. The reduced metal is separated from the slag phase in the form of chips.
To reduce the melting temperature of the slag phase in the Ta 2 O 5 reduction process, calcium oxide is added to the feedstock [2] . At the 20 mass% concentration of CaO in the system Al 2 O 3 -CaO the melting temperature of the slag is reduced from 2050 to 1800 °C [9] . Addition of CaO also reduces the viscosity and surface tension of the slag promoting the separation of phases.
In [11] the laboratory scale process of Ta 2 O 5 aluminothermal reduction with KClO 3 as a heat-releasing compound was studied. To reduce the melting temperature of the slag, CaO was added to the feedstock. Metal was separated in the form of ingots with 5 mass% content of aluminium. The pickup of tantalum in the melt comprised 90 mass%.
It is reasonable to replace CaO by metallic calcium. In this case there is no need to heat the furnace with the feedstock up [2, 10] . The reaction of Ca with tantalum oxide (5) and ferric oxide (6) liberates an additional exothermal effect. It is possible to reduce the melting temperature of the alloy Al 2 O 3 -CaO to 1400 °C at the content of CaO up to 50 mass%:
In [12: 255-265, 13 ,14] the thermodynamic approach for the description of the fast reactions of the atomization of a specimen in plasma of graphite atomizers is discussed using atomic-absorption analysis. It is shown that at the vaporization and atomization rate < 2000 K/s, the process is in the state of equilibrium. A similar criterion can be used for the description of the aluminothermal processes of niobium and tantalum production. In the "out-of-furnace" process of the reduction of niobium and tantalum pentoxides the rate of the temperature growth is in the range of 10-30 K/s [15] . This means that the assumption of the state of local thermodynamic equilibrium is totally justified. Achievement of equilibrium is also promoted by the high temperature and geometrical configuration of the reactor [16, 17] . Of course, the assumption about the achievement of equilibrium in aluminothermal processes in using the method of thermodynamic modelling has to be verified by experimental data [15] .
The main objectives of this study were thermodynamic analysis of the reduction process of tantalum pentoxide with combined reductants and in the presence of a heat-releasing compound, using a computer simulation program "HSC Chemistry 6.1, 2007", elaborated by the company Outotec Oy; determination and description of the thermal regimes of the reduction process; carrying out a series of pilot test meltings to check and verify the results of computer simulation; and improvement of the aluminothermal process of tantalum pentoxide reduction.
EXPERIMENTAL AND APPARATUS
Construction of the reactor and its facing are of primary importance in high-temperature melting processes. In practice, "out-of-furnace" reduction processes for smelting master alloys of rare earth metals and alloys of infusible metals are carried out at temperatures close to 2800 °C, and copper reactors with thick walls without protective coatings are widely used [7] . According to [8, 9] , also graphite, steel, and cast iron crucibles lined inside with magnesium or aluminium oxides have found industrial application.
The duration of aluminothermal reduction reactions of tantalum pentoxide is at raw materials mass of ~ 150 kg in the range of 90-120 s [6] . The short-term character of the process and thermal load in the reactor enable application of massive steel crucibles with a protective facing. However, without a protective facing a typical "grid of fatigue" is formed on the surface of the metal and the production capacity of the reactor falls.
In the present study steel crucibles with 50-100 mm thick bottoms were used for the aluminothermal meltings. The protective coatings inside the crucibles were plasma sprayed with microstrength > 3500 MPa and adhesion > 35 MPa. To avoid undesired impacts of hot slag and metal on the coating its surface was covered with a special layer of AIN-Ca(OH) 2 -Na 2 SiO 3 (AlN = aluminium with nitrogen content).
In our scale skilled tests tantalum pentoxide was heated at 900 °C till permanent weight (Table 1 ). Other raw materials were used without any pretreatment. The content of gases adsorbed in aluminium powder was ≤ 1%. The specific surface of powdered aluminium measured by the BET method was 0.15 m 2 /g and bulk density ~ 1 g/cm 3 . The procedure of the experiments was the following: the raw materials were mixed during less than 10 min and after that loaded into the steel crucible. The crucible was placed into the protective chamber equipped with a system of ventilation and hermetization and Ar gas input. The reaction was initiated by an electrical spiral placed into a special ignition mixture on the top of the feedstock, and the powerful ventilation system was switched on.
During the reductive meltings the temperature inside the crucible was registered. The distribution of the temperature field inside the furnace volume was computed previously [18] . The structure and phases of ceramic and cermet coatings of the crucible were determined by a diffractometer DRON-2.0. The distribution of elements in the specimens was determined by a microanalyser "Cameca MS-46". The microstrength of the material was determined by the method of diamond finder suppression (EMCO Test Automatic Vickers) on a microstrength measuring instrument RMT-3.
To follow the development of the different thermal zones during the reduction process of tantalum pentoxide a method of synchronous thermal analysis on a derivatograph Netzsch Geratebau GmbH (Germany) was used. Four parameters were registered: increase in temperature (T), thermogravimetric parameter (TG), intensity of products destruction or velocity of mass change (DTG), and change in enthalpy (DTA).
Heating-up proceeded with the speed of 283 K/min up to 1473 K in the atmosphere of He. At the end of the cycle the temperature was kept constant during 60 min before cooling down to room temperature. For the graduation of the derivatograph thermograms of Na 2 SO 4 (1157 K) and K 2 SO 4 (1349 K) were used. The experimentally determined temperatures of the transition of phases for these compounds matched with the values published in the literature well. The accuracy of the temperatures of phase transition measurements was ± 2 K.
RESULTS AND DISCUSSION
Temperature field in the crucible and protective coatings
The distribution of the temperature field across the height of the crucible is shown in Fig. 1 . The measured values of temperature in the check-points matched with the computed ones well. The maximum temperature of the melt did not exceed 2850 °C. Of the protective coatings tested the best behaviour was demonstrated by the multiple layer consisting of Nb-NbC-Nb-NbC-NbNbC-AlN [19, 20] . At the moment the reaction starts a temperature gradient and thermal stress appear. The temperature of the inner wall of the crucible sharply increased (checkpoints 1-21) during the first stage of the process (~ 5 s), but after that the increase in temperature slowed down, and in 40 s the maximum temperature fixed on the bottom of the crucible did not exceed 2000 °C (points 1, 7, 9). Elaboration and application of ceramic and special metal-containing coatings with the melting point significantly higher than the melting point of steel helped avoid thermal destruction of crucible metal and enabled its reuse up to 300 times provided that the coating was periodically restored.
X-ray spectroscopy of the distribution of elements in the protective coating indicated diffusion of the eutectoids formed in the porous structure of the coating, but no fusion of the coating and steel base took place. There were only narrow zones of diffused elements on the metal-coating interface. The content of nitrogen in the surface layer of the metal was 0.023-0.029% (mass) [19, 21] .
Thermodynamic analysis of the process of aluminothermal reduction
Thermodynamic computations in this paper are based on the assumption about achievement of total thermodynamic equilibrium in the reactions. In practice, of course, achievement of absolute thermodynamic equilibrium is disputable, and therefore the term of "local thermodynamic equilibrium" was introduced. This term refers to the state when the time the reactions proceed is significantly shorter than the time for the input of the compounds into the local volume [10] .
For the thermodynamic modelling of the process of tantalum pentoxide reduction a licensed computer simulation program "HSC Chemistry", elaborated by the company Outotec Oy, was applied. In 2007 a new version of this program (6.1) was published, containing 21 computation modules and 11 data bases to compute equilibrium of chemical reactions, heat balance, heat transfer, petrology, and imitation [22] . The majority of the modules use a combined thermochemical data base on enthalpy (H), entropy (S), and heat capacity (C) for more than 20 000 chemical compounds. The program "HSC Chemistry 6.1" does not contain a module for the computation of the reaction rates.
The dependence of the equilibrium constants K for reactions (1-6) on temperature in the range of 1000-3000 °C is shown in Industrial application of only magnesium or calcium as the reductant of metals should be considered inefficient and even dangerous. Boiling temperatures of these metals are relatively low (Mg 1361 K; Ca 1757 K). In the "out-of-furnace" reduction process of Ta 2 O 5 with Mg and Ca the temperature reaches 3000 K. At this temperature vaporization of Mg evokes a jet out of the feedstock. As the melting temperatures of MgO (3105 K) and CaO (3172 K) are close to the melting temperature of metallic tantalum (3287 K), the separation of metallic and slag phases is incomplete, and the formation of compact ingot is impossible.
The use of a mixture (Al + Ca) as the reductant with an addition of Fe 2 O 3 enables to solve the main problems of the "out-of-furnace" process, that is to achieve a positive heat balance and an adequate physico-chemical state of the slag phase. In industry powdered aluminium, metallic calcium chips, or powdered mixture of Al-Ca are used for smelting niobium [3] and tantalum [6] . Reactions occur without preheating the feedstock. Niobium smelting takes 3-5 min and that of tantalum, 90-120 s. By changing the content of iron and aluminium in the feedstock, it is possible to reduce significantly the melting temperature of the Ta-Fe alloy [9] .
Refining remelting of the product of aluminothermal reduction requires the minimum content of admixtures in the smelted metal. By changing the Al : Ca ratio in the feedstock, it was possible to achieve simultaneous reduction of Ta 2 O 5 and Fe 2 O 3 (7-14) under the conditions of the maximum heating effect. The slag system was designed for 50-70% (mass) content of Al 2 O 3 with the melting temperature close to 1800 °C. Computation of the thermodynamic characteristics for reactions (7) (8) (9) (10) (11) (12) (13) (14) with the step of 10 K was also implemented per 1 mole of oxygen in raw materials (Ta 2 O 5 and Fe 2 O 3 ), taking into consideration the stoichiometric coefficients in the reactions. The calculated equilibrium constants indicated that all these reactions proceeded sufficiently completely. At temperature of 3273 K, the values of lgK smoothly increase in the row of reactions (7-14) from 1.34 to 2.09 with the growth of the iron oxide and metallic calcium content in the feedstock.
The "out-of-furnace" process of aluminothermal reduction of Ta 2 O 5 starts from the local heating of part of the feedstock up to the temperature of self-ignition. The heating effect of the reaction of self-ignition has to guarantee the melting of this local layer, heating-up of the adjacent layer, and compensation for heat losses. Figure 4 illustrates the impact of temperature on the exothermic effect of reactions (7) (8) (9) (10) (11) (12) (13) (14) . In these reactions the impact is greater than in reaction (2) without iron oxide and metallic calcium. In the range of temperature of 2150-1000 K an increase takes place in the exothermic effect in the row of reactions (7) (8) (9) (10) (11) (12) (13) (14) . Conditionally it is possible to divide these reactions into two groups: (7-10) and (11) (12) (13) (14) . The difference is that in the reactions of the second group (11-14) the content of calcium in the feedstock is significantly higher.
The amounts of iron oxide, aluminium, and calcium vary in reactions (7) (8) (9) (10) (11) (12) (13) (14) . In Fig. 4 During the melting processes corresponding to reactions (13, 14) a jet out of the products from the reactor was observed. It was due to the vaporization of calcium in the feedstock, as vaporization of aluminium takes place at a higher temperature (2792 K), which is close to the melting point of the alloy. In [24] it was Fig. 4 . Impact of temperature on the exothermal effect H of reactions (7) (8) (9) (10) (11) (12) (13) (14) .
established that vaporization of the metal reductant leads to the spatial separation of the products. Vapour pressure interferes with coagulation, settling of metal particles, and formation of ingot and deteriorates the separation of metal and slag phases. During the pilot tests of tantalum smelting, it was established that the effect of the spatial separation of the products occurred if oxides with a small bulk density were used. Intensive vaporization of the melting products can be avoided by adjusting the fractional composition and amount of the reductant.
In the melting process with a significant excess of calcium and aluminium (reactions 12-14) the melting temperature of the slag fell to 1395 °C. The reaction rate and exothermal effect at this composition were very high. The feedstock was overheated, which caused it to jet out.
The calculated values of the equilibrium constant for reactions (7) (8) (9) (10) (11) (12) (13) (14) in the temperature range of 1273-3273 K were verified by the experiments of reductive meltings. The content of aluminium and iron in the tantalum alloy corresponded to the results of thermodynamic computations. The content of tantalum oxide in the slag did not exceed 5%. The number of the negative phenomena accompanying the process of reductive melting was minimized by the right choice of the granulometric compostion and ratio of feedstock components. According to the scale skilled tests (reactions 9-11) losses of metal with slag were insignificant. The alloy was obtained in the form of compact ingot with a very good separation of phases. The ratio of Ta 2 O 5 : Fe 2 O 3 : Al : Ca = 1 : 0.195 : 2.68 : 1.86 in the feedstock in reactions (7-14) can be recommanded for further studies.
Differential thermal analysis
The results of the differential thermal analysis (DTA) of the process of Ta 2 O 5 and Fe 2 O 3 reduction with aluminium and calcium are presented in Fig. 5 . Removal of the moisture from the feedstock can be followed at the starting stage of the process. No sintering of the components of the feedstock was established. Up to the temperature of 665 °C there was no change in the aggregation state of the aluminium powder. This is due to the passive film of oxides formed on the surface of aluminium in dry air or in the atmosphere of inert gas. The first endothermal peak (665 °C) is close to the melting temperature of technical aluminium, and the second one (840 °C) is close to the melting temperature of metallic calcium. The negligible change in the mass (TG analysis) can be explained by the presence of residuals of inorganic compounds from the previous production of feedstock components. At temperatures of 960-970 °C the heat release starts, which is the beginning of exothermal reactions leading to the reduction of tantalum and iron Differential thermal analysis, experimental measurements of the temperature field distribution in the reactor, and determination of the heat losses enabled to determine the temperature ranges for the formation of alloy and slag and vaporization of metallic reductants. Using the heat effects calculated with the program "HSC Chemistry", the results of thermodynamic modelling, and information from the handbooks on metals and their alloys [24-27], we established the melting temperatures of slag, alloy, and the required preheating temperature for the feedstock ( Table 2) .
The maximum temperature required for the reduction of tantalum pentoxide (T max ), established on the basis of the literature data [10, 15] , determines the overheating temperature of the products of melting according to the equation:
The results of thermodynamic modelling of the formation of the gaseous, metallic, and slag phases during the reduction process of Ta 7  1800  2800  3000  2650  350  8  1800  2640  2840  2670  170  9  1800  2560  2740  2690  50  10  1800  2500  2700  2810  No  11  1800  2400  2600  2900  No  12  1590  2500  2700  2890  No  13  1530  2550  2750  2870 No [9] . This concentration corresponds to the average ratio Al : Ca = 2.8 : 1.5 in the feedstock. The melting temperature of the slag in this range is ~ 1780 °C.
In the temperature range of 2500-2900 °C the equilibrium composition of the gaseous phase is mainly presented by the vapours of Al 2 O, Ca, Fe, and Al (Fig. 6) . Starting from 2850 °C the content of tantalum vapours in the gas in the form of TaO 2 and TaO exponentially grows. This can be seen especially clearly at temperatures 2950-3000 °C. Vaporization of tantalum oxides and transition of Ta 2 O 5 to the slag phase lead to the diminishing of the tantalum content in the alloy at temperatures 2900-3000 °C [20] . At 2800-3000 °C the metallic phase is composed of tantalum, iron, and aluminium. The results of thermodynamic modelling agree with the results of the chemical analysis of the alloy and slag well (Table 3) . At the end of the process the tantalum oxides cannot reduce to metallic Ta any more, and they form the so-called technological loss of Ta. Metallic Ca, which is not a metal forming an alloy with Ta, gets now an opportunity to form compounds with the residual Al in the slag phase. The Al content in the surface layer of the ingot contacting with slag is ~ 0.5% higher than in the lower layer, which points to the presence of free Al in the slag [3] .
For the estimation of the efficiency of the process of remelting (refininig) the Ta-Fe-Al ingot in an electron beam furnace, coefficients of the separation of admixtures were calculated. It was found that in the temperatures range of 2850-3500 K effective removal of admixtures (Ti, Ni, Cr, Al, Fe) occurs. These findings match with the results of industrial-scale meltings [6, 27] .
According to the thermodynamic analysis, the temperature range of 2800-2900 °C can be recommended for effective reduction of Ta 2 O 5 . At these temperatures the pickup of tantalum in ingot is maximum. Iron and aluminium reduce the melting temperature of tantalum alloy to 2200-2300 °C. This promotes effective settling of metal drops, formation of a compact ingot, and a good separation of phases. The calculated pickup of (a) (b) tantalum to ingot was 94%. Experimentally measured values were close (93.8-94.5%). This proves that the program "HSC Chemistry 6.1" is a very useful tool for thermodynamic analysis and optimization of "out-offurnace" aluminothermal processes and also indicates actual achievement of local equilibrium conditions for fast metallothermal reactions.
CONCLUSIONS
-Possibility of using steel crucibles with erosionresistant multiple protection plasma sprayed layers for the reduction of Ta 2 O 5 was proved. On the basis of a series of scale skilled tests it was found that the multiple Nb-NbC-Nb-NbC-Nb-NbC-AlN coating had the best durability. At repeated restoration of this layer the number of operating cycles of the steel crucible was approximately 300. The maximum temperature of the metal and slag in the process of reduction reached 2850 °C. -During a series of meltings simultaneous reduction of tantalum pentoxide and iron oxide was studied. A mixture of powdered aluminium and metallic calcium was used as the reductant. Thermodynamic analysis of the process at different compositions of the feedstock was carried out. Melting temperatures of the alloy and slag were determined. The results of thermodynamic modelling agreed with the data of chemical analysis of the metal alloy and slag well. According to the experimental meltings (reactions 9-11) losses of iron, aluminium, and calcium with the slag were negligible. The alloy was obtained in the form of compact ingot with a good separation of phases. -Differential thermal analysis of the feedstock for the reduction process of the Ta 2 O 5 and Fe 2 O 3 mixture was carried out. The starting temperature of exothermal reactions was in the range of 960-970 °C. -The program "HSC Chemistry 6.1" proved to be a very useful tool for thermodynamic analysis and optimization of the "out-of-furnace" aluminothermal processes and also indicated actual achievement of local equilibrium conditions for the fast aluminothermal reactions. The best operation parameters (pickup of tantalum 93.8-94.5%; < 5% losses of Ta 2 O 5 with slag) were achieved when the process proceeded according to reactions (9) (10) (11) 
